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Somitogenesis during early stages in the chick and mouse embryo was examined in relation to N-cadherin-mediated
adhesion. Previous studies indicated that N-cadherin localizes to the somite regions during their formation. Those
observations were extended to include a spatiotemporal immunohistochemical analyses of b-catenin and a-catenin, as well
as a more detailed study of N-cadherin, during segmentation, compaction, and compartmentalization of the somite.
N-cadherin and the catenins appear early within the segmental plate and are expressed as small patch-like foci throughout
this tissue. The small foci of immunostaining coalesce into larger clusters of N-cadherin/catenin-expressing regions. The
clusters subsequently coalesce into a region of centrally localized cells that express N-cadherin/catenins at their apical
surfaces. The multiple clusters are spaced wide apart in the anterior segmental plates that form the first 6 somite pairs, as
contrasted to segmental plates that form somites 7 and beyond. To examine the functional significance of N-cadherin,
segmental plates were exposed to antibodies that perturb N-cadherin-mediated adhesion in the chick embryo. The multiple,
anomalous somites that result in these experiments indicate that each N-cadherin/catenin-expressing cluster can give rise
to a somitic structure. b-Catenin involvement in somitogenesis suggests a role for Wnt-mediated signaling. Embryos treated
with LiCl also show induction of similar anomalous somites indicating further the possibility that Wnt-mediated signaling
may be involved in the clustering event. It is suggested that b-catenin serves to initiate the adhesion process which is spread
then by N-cadherin. Later during compartmentalization, N-cadherin/catenins remain expressed by the myotome compart-
ment. Taken together, these results suggest that the Ca21-dependent cell adhesion molecule N-cadherin and the
intracellular catenins are important in segmentation and formation of the somite and myotome compartment. It is proposed
that the N-cadherin-mediated adhesion process may serve as a common, evolutionarily conserved, link in the differentiation
pathways of skeletal and cardiac muscle. © 1998 Academic Press
INTRODUCTION
Somites form in an anterior to posterior manner as paired
structures arising from the segmental plate located on
either side of the developing neural tube in the vertebrate
embryo. The segmental plates are formed during the pro-
cess of gastrulation and are organized as loose paraxial
mesoderm. Every 60–90 min, new pairs of somites form by
sequential epithelialization of the segmental plates. The
essential elements of cell behavior during somite formation
are similar in most vertebrates (Keynes and Stern, 1988).
Each somite arises when a group of cells within the most
rostral end of the segmental plate undergoes a change in
organization from mesenchyme to a rosette, concomitantly
displaying cell–cell interactions associated with a true
epithelium. With the mesenchymal to epithelial cell shape
change, the somitic cells also become polarized. Five dis-
crete stages of somite formation in the chick embryo have
been described from the segmental plate, presomite or
somitomere, to the distinct paired somite stage (Lash,
1985). The segmental plate cells appear homogeneous when
viewed under the dissection microscope, although they
already contain the eventual somite pattern, as repeating
whorls of cells, i.e., the somitomeres (Meier, 1979). The
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presomitic cells then undergo compaction, which is
thought to result from an increase in cell–cell adhesion in
this region (Cheney and Lash, 1984; Lash, 1985). Subse-
quent stages include epithelialization of the future somite
that delineates the anterior border of the somite. This is
followed by the delineation of the lateral and posterior
borders to separate the newly formed somite from the
segmental plate.
The somite undergoes compartmentalization after its
formation: the ventromedial portion forms the sclerotome,
which gives rise to the vertebral cartilage; the dorsolateral
region gives rise to the dermamyotome which maintains for
a brief period the epithelial arrangement. Later the der-
mamyotome compartmentalizes further. Those cells local-
ized immediately beneath the ectoderm comprise the der-
matome which contributes to the dermis of the trunk and
to some muscle cells (reviewed in Christ et al., 1995). The
cells that localize between the dermatome and the scle-
rotome remain associated closely with each other to form
the myotome and eventually form the axial skeletal muscle
(Christ et al., 1978).
Important to our present study, Lipton and Jacobson
(1974) suggested that the formation of the first six somite
pairs may differ from that of the somites forming more
posteriorly. When first forming, the anterior somites have a
laterally, elongated shape. The first six somite pairs as they
form appear to be two to three times wider than subse-
quent, more posterior somites. The reason for the rostral–
caudal difference in segmental plate width is unknown.
That rostral–caudal differences exist in somitogenesis is
evident also in analyses of zebrafish somite mutants (van
Eeden et al., 1996).
Some of the regulatory factors controlling the process of
somite formation are beginning to be determined (see
Barnes et al., 1997 and references cited). Evidence that local
adhesive interactions, both cell–matrix and cell–cell, also
are involved in regulating somitogenesis stems from the
localization of adhesion molecules to the somite region and
by the modulation of these molecules experimentally. It
has been proposed that local adhesive interactions between
cells within the somitomere may determine the final shape
of the somites and their number (Bellairs et al., 1977). Roles
for the cell adhesion molecules as fibronectin (Ostrovsky et
al., 1983; Lash et al., 1987; George et al., 1993) and
N-cadherin (Duband et al., 1988; Hatta et al., 1987; Takei-
chi, 1988) in somite formation have been suggested.
In vertebrates, axial skeletal muscle arises from the
somites. There has been considerable interest recently in
understanding how the skeletal muscle lineage is induced
during vertebrate somitogenesis and which regulatory mol-
ecules mediate the induction of the myogenic pathway,
including regulatory factors as paraxis, Pax3, MyoD, and
Myf-5 (Burgess et al., 1996; Maroto et al., 1997; Tajbakhsh
et al., 1997). Expression of myogenic genes in the myotome
seems to require a combination of Wnts and Shh (Stern and
Hauschka, 1995; Yun and Wold, 1996; Rawls and Olson,
1997). How these regulatory molecules activate the myo-
genic pathway remains unclear. Cells from the newly
formed somite initially appear to be multipotent and be-
come committed to specific fates in response to signals in
their environment. Cell adhesion and its signaling path-
ways also are involved. Recent in vitro studies suggest that
N-cadherin-mediated cell–cell adhesion is involved in both
the commitment of muscle precursors and their terminal
differentiation (Redfield et al., 1997; George-Weinstein et
al., 1997).
The cytoplasmic domain of cadherins interacts with
b-catenin which in turn binds a-catenin. a-Catenin can
interact with the actin cytoskeleton. Thus, the catenins
serve to link the cadherins to the cytoskeleton (Wheelock
and Knudsen, 1991). This intracellular link is necessary for
cadherins’ adhesive function. In addition to its involvement
in cadherin adhesion, b-catenin is implicated in regulating
transcription by its ability to bind and activate the LEF-1
transcription factor (Behrens et al., 1996; Molenaar et al.,
1996). Thus, molecules that are involved in cell–cell adhe-
sion also are shown to regulate transcription.
This study analyzes the spatiotemporal localization of
N-cadherin and a- and b-catenin during morphoregulation
of early somitogenesis. Subsequently N-cadherin-mediated
adhesion in somitogenesis is analyzed by perturbation stud-
ies in chick embryos using function perturbing N-cadherin
antibodies, and in mouse embryos using genetic manipula-
tion of N-cadherin expression.
MATERIALS AND METHODS
Embryos
Fertile White Leghorn chick embryos for this study were sup-
plied by Truslow Farms (Chestertown, MD). Stages of development
are indicated according to the staging series of Hamburger and
Hamilton (1951). The method of removal of embryos for analyses
has been described in detail (Linask and Lash, 1986).
N-Cadherin-deficient mutant mouse embryos were removed on
8.5 days of gestation. The yolk sac was used to genotype the
embryos as previously described (Radice et al., 1997). Mouse
embryos were placed in 4% p-formaldehyde in PBS for further
processing for immunohistochemistry.
Whole Chick Embryo Culture Method: NCD-2 and
LiCl Perturbation of Somite Development
The detailed methodology for culturing whole chick embryos
has been described (Linask and Lash, 1988). Just before the begin-
ning of incubation, each embryo was treated with 5 ml of function-
ing perturbing antibody placed gently on the ventral side of the
embryo on the segmental plate regions. Both the rat monoclonal
antibody NCD-2 (gift of Dr. M. Takeichi (Hatta et al., 1985) and the
mouse monoclonal antibody 6B3 (George-Weinstein et al., 1997)
were used for these studies. The effective concentration of antibody
for whole embryo cultures was determined to be 100 mg/ml after
incubating embryos in a series of different concentrations of
antibody. Control embryos received similar concentrations of rat or
mouse g-globulin (Jackson ImmunoResearch, West Grove, PA).
During these early embryonic stages, before a cardiovascular sys-
tem is fully formed and functional, nutrients are taken up by
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diffusion by the embryo and thus the germ layers of the embryo are
accessible to the antibody. Antibody accessibility was confirmed
by the application of a fluorescently labeled dextran of a similar
molecular weight as that of IgG. After a 24-h incubation, the
embryos were viewed under a Nikon stereomicroscope, photo-
graphed, and fixed in Histochoice (Amresco, Solon, OH) for further
processing.
To perturb somitogenesis in older chick embryos (.10 somites),
NCD-2 antibody was injected directly into the segmental plate
region using a PLI-100 Pico-Injector (Medical Systems Corp., Green-
vale, NY). This allows small liquid volumes to be delivered through
a micropipet by applying a regulated pressure (with compressed gas
N2) for a digitally set period of time. Sharply tapered glass micropi-
pets were pulled from a microcapillary (1 mm in diameter) using a
Narishigi pipet puller. A pressure of 0.6 psi was used at 250 ms to
deliver a small volume of NCD-2 antibody. Control injections of
rat IgG produced no perturbing effects. The pressure and duration
of injection had to be adjusted empirically for each new pulled
micropipet to ensure delivery of approximately the same volume.
To be able to visualize the region of injected antibody, 1 ml of the
vital dye Nile green was added to 19 ml of antibody. Injections were
made on either one or both sides of the neuraxis in the segmental
plate region, as indicated under Results. The embryos were marked
with carbon particles lateral to the area of injection.
LiCl (Sigma, St. Louis, MO) was used at concentrations of 2 mM,
1 mM, and 100 mM and was applied to whole embryos at the outset
of incubation and 6 h later. Incubation of embryos continued for a
total of 22–24 h. LiCl was not used for microinjections.
Antibodies
Mouse monoclonal antibodies against chick N-cadherin (13A9),
a-catenin (1G5), and b-catenin (15B8; Johnson et al., 1993) and the
chick N-cadherin-perturbing mouse antibody 6B3 (George-
Weinstein et al., 1997) have been described previously. The hybrid-
oma secreting the perturbing NCD-2 rat antibody (Hatta et al.,
1985) to chick N-cadherin was kindly supplied by Dr. M. Takeichi
(Kyoto University, Japan). The polyclonal antibody to N-CAM was
provided by Dr. S. Hoffman (Medical University of South Carolina,
Charleston, SC).
Bromodeoxyuridine (BrdU) Labeling for Cell
Proliferation
Stage 6 chick embryos were treated with function perturbing
antibodies in F12 media for 6 h. From previous experiments 6 h is
the time period when the first phenotypic differences due to
antibody treatment begin to be apparent. The embryos were then
transferred into 10 mM BrdU with antibody in F12 media for 80
min. Embryos were rinsed and immunostained using BrdU primary
antibody followed by a Cy-3-conjugated secondary antibody. Each
embryo also was counterstained using DAPI to count total number
of cells. Sagittal sections were made through the somites and
segmental plate regions. A representative section from each em-
bryo was counted for the numbers of BrdU-labeled nuclei in the
most recently formed two somites and the most anterior end of the
segmental plate. Total number of cells apparent in each somite and
in the anterior segmental plate was determined by counting DAPI-
labeled cells.
High-Resolution Immunohistochemistry and
Microscopy
After fixation in Histochoice (Amresco), the blastoderms were
permeabilized in 100% cold methanol. The preembedding immu-
nostaining and plastic embedding procedure in araldite have been
described in detail (Linask, 1992). Sections were cut at 1 mm.
Observations of whole mount embryos, as well as of sections,
were made with a Nikon Optiphot II microscope equipped for
epifluorescence microscopy. Black and white photographs were
taken using Kodak Tmax ASA 400 film.
RESULTS
To extend our previous studies on adhesion molecules
during somitogenesis, we examined N-cadherin expression
in spatiotemporal detail, in addition to documenting a- and
b-catenin expression during somitogenesis. Whole embryos
at different stages were immunostained with monoclonal
antibodies to chick N-cadherin (13A9) and its associated
intracellular proteins a-catenin (1G5) and b-catenin (15B8).
Somites at different levels of the embryo, i.e., anterior,
middle, or posterior, were analyzed in whole mounts or in
transverse or sagittal sections of representative embryos cut
through the somite regions. For each specific stage exam-
ined, the immunostaining pattern of N-cadherin, a-catenin,
and b-catenin was identical to each other.
In describing temporal changes in the N-cadherin/catenin
expression patterns, the stage of development of the somite
and the axial level in relation to the embryonic cranial–
caudal sequence is important for understanding the results
of both the immunostaining and the N-cadherin perturba-
tion experiments. For convenience somites are numbered in
sequential order with the highest number reflecting the
newest, i.e., the last somite to have formed. The cranial end
of the segmental plate where the next somite will form is
designated SP.
In Fig. 1 a schematic diagram contrasting somite devel-
opment as based on N-cadherin/b-catenin localization in
anterior and posterior somites is shown for orientation. In
Fig. 1A the anterior or first six somite pairs are shown
having a wider appearance than the more posterior somites,
i.e., somite pairs 7 and beyond. This schematic is based on
our data describing differences in anterior and posterior
somite formation summarized in Fig. 1B. Beginning with
the “younger” somite regions on both axial levels,
N-cadherin/b-catenin localization at cell membranes
within the segmental plate becomes detectable as pro-
nounced foci of immunostaining. This is followed by a
coalescence of these foci to form cell clusters. These cell
clusters in turn coalesce to form somitic central regions of
cells expressing high levels of N-cadherin/catenin. The
presomitic cell clusters are more numerous and are spaced
wider apart in the anterior segmental plate that gives rise to
the first six somite pairs than in the posterior segmental
plate.
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N-Cadherin and Catenin Localization during
Different Stages of Somitogenesis
In a stage 81 embryo (26 h) immunostained for b-catenin
and sectioned in a sagittal plane through the somite regions,
five distinct somites are present (Fig. 2 montage). The fifth
and newly formed somite (No. 5) shows a central core
region expressing a high level of b-catenin. This somite,
although distinct, is smaller than anterior somites 1–4.
More posteriorly, in the adjacent, cephalic end of the
segmental plate (SP), b-catenin localization is expressed
ubiquitously with an apparent higher level on the more
anterior side. A distinct, centrally localized region with an
intense level of b-catenin expression is not detectable at
this time in the segmental plate.
Whole mounts of different stage chick embryos immuno-
stained for N-cadherin are shown in Figs. 3A through 3C. In
the segmental plate region in an early stage 7 embryo (22 h
of development), where the first two somites are forming
(Fig. 3A), anterior and posterior somite boundaries are
apparent as incomplete furrows. Both N-cadherin (shown
here, arrows) and b-catenin (not shown) are discernible in
the segmental plate mesoderm as small foci of staining.
Cell membranes are beginning to localize these proteins
along more extended lengths (marked by arrowhead) in the
emerging somite regions. In Fig. 3B in a 6-somite embryo
(25–26 h), the anterior somites, e.g., somite 3 (see arrow),
now localize N-cadherin to a central region of cells which
all express this adhesion molecule on their apical–lateral
cell surfaces. This central region displays a characteristic
oval or diamond-like shape. In Fig. 3C of a 16-somite
embryo, posterior (caudal) somites are shown at the level of
the last 5 somites that have formed, i.e., somites 12–16. In
the segmental plate region of the next new somite pair to
form (level shown by asterisks), expression of N-cadherin/
b-catenin is already present in the segmental plate as small
patches of immunostaining (see Fig. 5 for higher resolution
of the segmental plate region). Cells beginning to show an
increased expression of N-cadherin/b-catenin form small
patch-like areas of immunostaining, as was seen earlier in
the somites that were forming at stage 7 (see Fig. 3A).
As somitogenesis continues from the 2-somite stage, the
segmental plate begins to display a definite clustering of
N-cadherin staining cells in a central area within the
segmental plate (Figs. 4A and 4B, see arrows). Multiple foci
of N-cadherin expression are observed in the emerging
anterior four somite regions (Fig. 4A, low magnification;
Fig. 4B, high magnification). Specifically, multiple clusters
are observed to occur often within the first six rows (see
arrows in Figs. 4A). A similar pattern is evident for
b-catenin. These initial clusters or foci of immunofluores-
cent staining appear to coalesce into a central region of
N-cadherin/b-catenin-expressing cells. Somite 3 is num-
bered for orientation. In left somite 1 three clusters are
apparent within this level. At the level of somites 2–4,
distinct regions of N-cadherin foci and clusters (arrows) that
are in the process of coalescing are apparent extending
laterally from the neuraxis. In the somite 3 region of the
embryonic left, the apparent coalescence process is seen to
be spreading between the clusters. On the right side, also in
somite 3 region, three separate clusters are apparent (see
arrows on right side in Fig. 4A). By the 6-somite stage a
central compact region of N-cadherin/b-catenin-expressing
cells is discernible in all of the formed somites (compare
with Fig. 3B). Thus, in the 2-somite embryo the initial,
small, separated patches or foci of cells expressing
N-cadherin/b-catenin appear to coalesce into several, larger
clusters that are still apparent in a 4-somite embryo. These
FIG. 1. A schematic diagram of somite development based on our
results. Central region shown in gray depicts N-cadherin/catenin-
expressing cells. In the left column (A) the anterior first six somites
arising from a wide segmental plate are shown having a wider
appearance than the more posterior somites. Based on cluster
formation, approximate demarcation of anterior somites from
posterior is shown by a discontinuous line. On the right-hand side
of figure (B) cadherin/catenin adhesion-mediated steps during somi-
togenesis are depicted and contrasted for anterior (first 6 somite
pairs) and posterior (somites 7 and beyond) regions. Beginning from
the bottom of each section, or more earlier steps of somite
development, foci of N-cadherin/b-catenin-expressing cells first
appear. This is followed by a coalescence of these foci to form cell
clusters, which in turn coalesce to form somitic core regions of
cells expressing high levels of N-cadherin/catenins. In anterior
segmental plate the cell clusters are more numerous and are spaced
wider apart than posteriorly. SP, segmental plate or region where
next somite will form.
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multiple clusters in turn coalesce to form a single, wide
central region of N-cadherin-expressing cells detectable at
the 6-somite stage.
This sequential, multistep coalescence of N-cadherin-
expressing cell clusters is seen with each new somite pair
forming in the anterior segmental plate of younger embryos,
specifically up to 6 pairs of somites. In older embryos with 7 or
more somite pairs, this sequence of events is modified. For
example, in a 16-somite embryo in Fig. 3C (N-cadherin) and
Fig. 5A (N-cadherin) and Fig. 5B (b-catenin), all of the somites
express b-catenin and N-cadherin in one central region of
cells. In the newly formed somites 14 through 16 shown in
Fig. 5, localized cell boundaries show an enhanced expression
of N-cadherin (Fig. 5A) and b-catenin (Fig. 5B) in foci within a
single central region. From the time they form in the stage 16
embryo, the posterior somites 12–16 tend to have a more
finite boundary of N-cadherin/b-catenin expression from their
first detection compared to the most anterior forming
somites. Also, the cells closer to the neuraxis show a detect-
able, enhanced N-cadherin/b-catenin expression (see arrows
in Fig. 3C and in Figs. 5A and 5B in a 16-somite embryo). The
patterning of both N-cadherin and b-catenin is similar as the
somite forms, i.e., beginning with small foci and leading to a
central core region of expression.
a-Catenin expression during subdivisions of the somite.
When the somite forms an epithelioid structure, a-catenin
localized similarly as b-catenin and N-cadherin to the
apical–lateral membranes of cells at the central region of
the somite (arrows) and extended slightly laterally (Fig. 6).
At the time the dermamyotome is formed, and sclerotome
cells were seen migrating to the notochord where they will
form the cartilage-producing cells of the developing verte-
bra, the sclerotome cells no longer expressed detectable a-
or b-catenin, or detectable N-cadherin (Fig. 6B). a-Catenin
(also b-catenin) remained strongly localized to the apical–
lateral surfaces of the myotome cells (myo) forming a
boundary between the ventral sclerotome (sl) population
and the myotome population.
N-Cadherin Perturbation Experiments and
Formation of Anomalous Somites
Antibody perturbation in chick embryos. When early
stage 5–6 chick embryos were exposed to either of two
N-cadherin-perturbing monoclonal antibodies (NCD-2 or
6B3) and were incubated for 22–24 h, anomalous somites
often formed laterally in anterior regions. The anomalous
somites were apparent for several rows rostral–caudad,
predominantly within somite regions 1–6. Three represen-
tative patterns of anomalous somites are shown in Figs.
7A–7C. In Fig. 7A a whole embryo is shown with anoma-
lous somites present in anterior regions (see arrow). This
antibody-treated embryo also had characteristic heart re-
gion abnormalities and a nonextended neural tube. Many
NCD-2-treated embryos were immunostained for b-catenin
and two representative embryos are shown in Figs. 7B and
7C. Central clusters of cells express b-catenin in each
somite. In Fig. 7B anomalous somites are present on one
side only. In Fig. 7C multiple anomalous somites are
present on both sides of the neuraxis extending laterally.
Posterior to the antibody perturbed region the somites are
present in pairs in the normal manner. When sectioned, the
anomalous somites show a typical rosette configuration
(not shown). Table 1 shows the number of embryos treated
between stages 5 and 7 and the percentage of embryos
showing multiple somite formation. The greatest percent-
age of anomalies was seen to occur in embryos treated at
stage 6. This coincides with a period just preceding the
appearance of the first somite pairs, at a period in which we
would expect that the described adhesion-related processes
are taking place. As a control for possible nonspecific effects
due to an antibody binding to cell surface adhesion mol-
FIG. 2. b-Catenin immunostaining in a stage 81 chick embryo that was sectioned in a sagittal plane through the somite regions. Five
distinct somites are present in this montage. The anterior part of the embryo is to the right. Cells in central regions of all somites show
a high level of b-catenin expression. The most mature somite (1) has a central core apparent with apical cell membranes expressing an
apparent high level of b-catenin around the core. b-Catenin is also expressed at lower levels of intensity around cell membranes away from
the core region. Level of expression in the central region appears to increase posteriorly. The newly emerging somite (5) is smaller than the
more anterior somites. The segmental plate (SP) from which the next somite will emerge does not appear to express any specific high
intensity of immunostaining, except possibly at its most anterior end. EC, ectoderm; EN, endoderm. Magnification bar, 50 mm.
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ecules, a polyclonal antibody against N-CAM was also used
for treatment of embryos. Normal somitogenesis resulted
(see Fig. 8).
Evidence that anomalous somites do not arise from an
increase in cell proliferation upon NCD-2 treatment of
segmental plate cells is shown in Fig. 8. Embryos were
treated with antibodies for 6 h and then transferred to
BrdU-labeling media for 80 min to ascertain numbers of
cells undergoing mitosis during during one somitic cell
cycle. Figure 8A shows a control stage 6 embryo incubated
in normal rat IgG and labeled for incorporated BrdU; Fig. 8B
is a control embryo incubated in the presence of polyclonal
rabbit anti-NCAM; and Fig. 8C is a NCD-2-treated embryo.
Embryos were sectioned sagitally through the somite and
segmental plate regions and proliferating, BrdU-labeled
cells (shown in yellow) were counted in the last two
somites that had formed and in the most anterior segmental
plate region which gives rise to the next somite. At this
period during one-cell cycle, no significant difference is
apparent with the different antibody treatments in percent-
age of BrdU-labeled cells relative to DAPI-stained nuclei
counted in the somitic regions (see Table 2). As shown in
Figs. 8A–8C, all treated embryos show a similar pattern of
cell proliferation. Similarly in the anterior part of the
segmental plate, no significant difference in patterning or
numbers of proliferative cells is detected. Thus, the forma-
tion of anomalous somites does not appear to be due to
increased cell proliferation upon NCD-2 antibody treat-
ment.
Microinjection of NCD-2 antibody into segmental plate
of posterior regions of chick embryos. In the above
experiments antibody was applied to embryos as soon as
they were placed in culture, between stages 5 and 7 1
(16 –22 h). Additional antibody also was applied to poste-
rior segmental plates later during the period of incuba-
tion to increase the possibility of perturbing somitogen-
esis in posterior regions. No effect was observed on
posterior somitogenesis. Since somites posterior to the
first six pairs appeared to develop normally in embryos
that were incubated in the presence of the perturbing
somite 2 shows extended regions of cell membranes beginning to
express N-cadherin. Similar patch-like staining regions are present
in the segmental plate where the next somite will form. By the
6-somite stage shown in B these regions of localization (arrow) have
coalesced into a central region of cells expressing N-cadherin. (C)
By the 16-somite stage the patch-like expressing foci of N-cadherin
are apparent in the central area of the somites that have formed
within the last 6–7 h of incubation. A higher level of expression is
noticeable on medial aspect of the somite closest to the neuraxis
(arrow). This is specifically apparent in somites 12 (marked), 13,
and 14. The high level of N-cadherin expression within the neural
folds and at the neural plate/epithelial ectoderm border, which is
apparent as two lines, also is specific. The anterior end of the
segmental plate where the next somite will form is indicated by
asterisks. Magnification bar: A, 10 mm; B and C, 60 mm.
FIG. 3. Whole mounts of different stage chick embryos immuno-
stained for N-cadherin. (A) Stage 7 embryo with two wide devel-
oping somite regions present. Within the first and second somite
areas patches of N-cadherin are present (arrow). The arrowhead in
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antibodies NCD-2 or 6B3, the possibilities existed that (1)
somite formation occurred differently in more posterior
regions, (2) presomite clusters were so close together that
the antibody would not affect coalescence of closely
spaced, adjacent small clusters, or (3) the antibody may
not be able to diffuse into the segmental plate cell
microenvironment in sufficient concentrations to per-
turb somitogenesis in posterior regions of older embryos.
To address the above possibilities, a series of experiments
was carried out in which N-cadherin-perturbing antibody
was microinjected directly into the segmental plate region
from which the next somites will form. A carbon particle
was placed laterally to the site of microinjection to mark
the level of injection. The embryos were then incubated
overnight, fixed and immunostained for b-catenin. A total
of 14 embryos having at least 7 or more pairs of somites
were microinjected with N-cadherin perturbing antibody.
We observed two lateral somitic structures form on the
anti-N-cadherin-injected side of the neuraxis. A total of 5
embryos showed the anomalous number of b-catenin-
expressing foci in the somitic regions. Sites of injection are
shown in Fig. 9A. The site of injection in this embryo is
shown with the micropipet tip within the segmental plate
just anterior to the Hensen’s node region (large arrow). This
is the most posterior site in which microinjections were
done. The most anterior site of injection is shown with a
small arrow pointing to the more anterior segmental plate
region. Figure 9A was taken approximately 0.5 min after
injection. The extent of diffusion during this time is seen by
Nile Green localization (which appears darker in this im-
age). The antibody being of much larger molecular weight
than Nile Green most likely does not diffuse as far in 0.5
min. Control microinjections of diluted whole rat or mouse
serum resulted in normal somitogenesis (Fig. 9B). In Fig. 9C
one injection of NCD-2 antibody was made in the segmen-
tal plate on the embryonic left side of the neuraxis (viewed
from the ventral side) of a 7-somite embryo. In Fig. 9D
multiple injections of NCD-2 were made bilaterally in the
segmental plate regions of a 9-somite embryo. Multiple cell
clusters are apparent on both sides of the neuraxis (see
arrows). These results indicate that anomalous somitic
clusters, usually only two, can develop in the posterior
regions after 22–24 h incubation, if antibody is injected
directly into the segmental plate. Thus, the perturbation
does not appear to be a mechanical perturbation or a
dilution of local diffusible factors within the segmental
plate.
FIG. 4. N-cadherin localization in a normal stage 8 embryo with 4 somites. Somite 3 is marked. (A) Lower magnification showing all 4
somites (somite 4, newly emerging). Anterior is to the top. In left somite 1 multiple clusters of N-cadherin-expressing cells are still
detectable. In somite area 3 on the right side of the neuraxis, three clusters of N-cadherin expression are apparent (see arrows). Within the
embryonic left/right somite regions different degrees of coalescence of N-cadherin-expressing clusters (marked by small arrows) are
apparent. The third somite region on left side of the same embryo is shown in B at higher magnification. In somite 3 it is apparent the
N-cadherin-expressing clusters are coalescing into one. Magnification bar: A, 100 mm; B, 50 mm.
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LiCl treatment results in formation of anomalous
somites. The results with N-cadherin/b-catenin localiza-
tion and N-cadherin perturbation experiments suggest a
possible involvement of b-catenin in initial stages of somi-
togenesis and in the formation of anomalous somites. This
indicates the possibility of Wnt-mediated signaling in early
steps of somitogenesis. LiCl has been described by several
labs to mimic Wnt signaling (Klein and Melton, 1996;
Stambolic et al., 1996; Hedgepeth et al., 1997). Thus, 53
chick embryos between stages 5 and 7 were exposed to
reported, effective concentrations of LiCl of 0.1, 1.0, and 2
mM and assayed for somite formation. Anomalous somites
similar to those in antibody-treated embryos formed at 1.0
and 2.0 mM concentrations with the same degree of vari-
ability seen with N-cadherin perturbation. Results indi-
cated that 32% embryos treated with LiCl formed anoma-
lous somites (17/53 embryos). The anomalous somites
formed in two representative LiCl-treated stage 5 embryos
are shown in Fig. 10. Embryos were immunostained for
b-catenin after incubation for a 24-h period. Figure 10A
shows anomalous somites that formed in the first 6 somite
regions. The amnion was not removed in this embryo and is
apparent covering part of the anterior somitic region. Figure
10B shows two small clusters of b-catenin-expressing cells
in the posterior somitic regions, similar to our observations
on NCD-2-microinjected embryos in the posterior part of
the embryo and in the segmental plate regions. The anoma-
lous somites, however, developed predominantly in the
rostral 6 somitic regions, as with N-cadherin perturbation.
Perturbation of N-cadherin by genetic manipulation:
Abnormal somitogenesis in N-cadherin-null mutant em-
bryos. Within the somite region of N-cadherin null
mouse embryos on day 8.5 of gestation, abnormal somite
development also is apparent. Three N-cadherin null
mouse embryos were immunostained for b-catenin and
sectioned craniocaudad through the somite regions. Vari-
ability in perturbation of normal somite formation is appar-
ent in the different null mutants, as was reported earlier
(Radice et al., 1997). Figure 11A shows somite development
in normal littermates (1/1 or 1/2 for N-cadherin) at 8.5
days of gestation. In the null mutants shown in Figs. 11B,
11D, and 11E, several clusters of enhanced b-catenin ex-
pression in paraxial mesoderm regions are observed (ar-
rows). It is apparent that the cells are clustering, but the
clusters remain separate, have not formed normal somites
in shape, and are small in size. These anomalous somitic
clusters extended dorsal–ventrally near the neural tube and
not laterally away from the neural tube as in the chick
embryo (cf. Figs. 7 and 11). In some regions of cell cluster-
ing, b-catenin appears to be enriched cytoplasmically (see
FIG. 5. Comparison of N-cadherin (A) and b-catenin (B) localization in somites 14–16 of a 16-somite embryo. Comparing these somitic
regions, the localization and pattern of expression of both N-cadherin and b-catenin appear identical. In the newly emerging somite (16)
patches of N-cadherin/b-catenin expression are seen. Arrowheads point to small patch-like foci of immunostaining that eventually will
coalesce to form a central region of localization. In somite 14, N-cadherin/b-catenin show a defined pattern of expression in the central
region with the highest level apparent on the side facing the neuraxis (see arrow). The localization of both N-cadherin and b-catenin during
neural tube closure (N) within the folds is always discernible during these stages. Magnification bar: A and B, 50 mm.
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arrows in Figs. 11B and 11D). Some clusters shown in Fig.
11C from more posterior regions of the same embryo as in
Fig. 11D are forming a single somitic structure, relatively
normal in appearance, but smaller in size. Since these
N-cadherin null embryos are embryonic lethals apparently
due to poor cardiovascular development, compartmental-
ization of somites into dermamyotome and sclerotome
could not be followed into later stages of gestation.
DISCUSSION
Somite Formation
Somites are the first obviously segmented structures to
form in the embryo. They form in pairs, sequentially from the
segmental plate in a rostral–caudal direction along the length
of the embryo. As somites form, they undergo compaction to
form a dense, cuboidal structure which then epithelializes. It
FIG. 6. Cross sections of stage 12 embryos (12–13 somites) sectioned transversely through the somite regions and stained for a-catenin.
At this stage the localization is identical for N-cadherin and for b-catenin (not shown). (A) A formed somite is seen adjacent to the neural
plate (N) on the right side of the embryo. a-Catenin is seen at the apices of the cells surrounding the central core. Cell processes extending
between the cells at the core are discernible. In B, the sclerotome cells (sl) are seen. They will migrate toward the notochord and form the
cartilage-producing cells of the developing vertebra. The sclerotome cells no longer express detectable a-catenin as they migrate. The
a-catenin demarcates the boundary of the dermamyotome (myo; see arrow). The myotome population continues to express catenins and
N-cadherin and remains associated with each other via adherens junctions. a- and b-catenin, as well as N-cadherin, also remain expressed
at the junctions of the cells forming the neural plate and the cells which will line the lumen of the neural tube (N) after its closure.
Magnification bar, 15 mm.
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has been shown that the transition to the compaction stage,
prior to epithelialization, is correlated with the presence of
fibronectin and that fibronectin appears to have a causal
relationship in this process (Lash et al., 1984, 1987; Lash,
1985). A spatiotemporal analysis of N-CAM during somito-
genesis indicates that it also is involved (Duband et al., 1987).
Segmental plate cells weakly stain for N-CAM. During com-
paction, however, N-CAM expression is significantly in-
creased. Isolated segmental plates are only weakly affected by
N-CAM antibody, while those incubated in the presence of
N-cadherin-perturbing antibody are dissociated (Duband et
al., 1987). Thus N-CAM appears less important in somitogen-
esis to a much lesser degree in contrast to N-cadherin and
fibronectin.
It has been noted that N-cadherin is localized to the
segmental plates and to apical–lateral cell membranes sur-
rounding the central core region (Duband et al., 1988; Hatta
et al., 1987). A causal role for N-cadherin has been sug-
FIG. 7. Three representative patterns of anomalous somites are shown in A–C. In A a whole embryo is shown with anomalous somites
present in anterior regions (see arrow). This antibody-treated embryo also had characteristic heart region abnormalities and a nonextended
neural tube. Many NCD-2-treated embryos were immunostained for b-catenin and two representative embryos are shown in B and C.
Central clusters of cells express b-catenin in each somite (see small arrow). In B anomalous somites are present on one side only. In C
multiple anomalous somites are seen forming laterally away from the neural tube/notochord region, i.e., the neuraxis (N) region, during the
formation of the first 3–6 somites. Posterior to the antibody-perturbed region, the somites are present in pairs in the normal manner.
Anterior is to the top in both figures. Magnification bar: A, 400 mm; B and C, 100 mm.
TABLE 1
Perturbation with NCD-2 Antibody
Chick stages
(HH)
Total No.
embryos
treated
No. embryos
with anomalous
somites
% Embryos
with anomalous
somites
Stage 5 41 14 34
Stage 6 16 12 75
Stage 7 7 1 14
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gested previously (Duband et al., 1987; Radice et al., 1997).
A stabilization of the cytoskeleton to this region is sug-
gested by a concentration of filamentous actin and
a-actinin to the apical regions of the somite cells surround-
ing the central core (see Lash and Ostrovsky, 1986; Os-
trovsky et al., 1988). The localization may be due to
a-actinin and actin (Rimm et al., 1995) binding to a-catenin
(Knudsen et al., 1995) which also is highly expressed in this
same cellular region.
Several different models have been proposed to account
for somite formation and have been reviewed by Keynes and
Stern (1988). No single model, however, adequately ex-
plains somite development. In a “prepattern model” pro-
posed by Bellairs (1985), it is suggested that there is a
prepattern of somitogenic clusters in the posterior end of
the segmental plate, to which new cells are added by cell
division and by recruitment from the primitive streak. Each
somite is directly related to a cell cluster and the size of the
somite would depend upon the number of cells recruited
into the cluster. Bellairs suggested that the number of “such
tiny clusters may be much greater than the number of
somites that will subsequently form . . .” The concept of
multiple presomitic clusters of cells that form as a result of
cadherin/b-catenin-mediated adhesion is strongly sup-
ported by our N-cadherin and LiCl perturbation experi-
ments. Which cells initiate clustering is not known, but it
may relate to Wnt signaling and b-catenin expression and
subsequently the spread of N-cadherin expression among
the cells to form a single cluster. That NCD-2 antibody
does not appear to stimulate proliferation of segmental
plate cells is indicated by similar numbers of randomly
labeled BrdU-labeled cells in NCD-2-treated embryos, com-
pared to control embryos receiving rat IgG or control
embryos treated with N-CAM antibody.
Our analyses suggest that there are essentially three
phases of somite development. First, foci of cells originate
that begin to express b-catenin within the cytoplasm (phase
1) and in association with the cytoplasmic side of the cell
membranes. N-cadherin associates with the b-catenin. Sec-
ond, there is a coalescence of these N-cadherin/b-catenin-
expressing cells into foci and clusters (phase 2). Subse-
quently, the cell clusters coalesce (phase 3) to form the
central region of the somite. The recruitment or spread of
adhesion among the cells appears to be mediated by
N-cadherin. Cadherin-mediated cell-to-cell associations
have been shown previously to trigger cell epithelialization
(see also Wollner et al., 1992; Marrs et al., 1993; Linask et
al., 1997). Consequently, cadherin-mediated adhesion may
trigger the epithelialization step. There is the possibility
that other cadherins also are present, or up-regulated, that
enable epithelialization to take place, even if N-cadherin is
perturbed as in the null mutant embryos. N-cadherin,
however, appears essential for the coalescence. These
phases of somitogenesis are continuous and a dynamic
sequence of events, rather than occurring as abrupt
switches from one phase to another.
The N-cadherin/catenin-mediated events are coordinated
with fibronectin-associated cell–substratum adhesion that
also leads to compaction and segmentation of a population
of cells within the segmental plate during somitogenesis
(Lash et al., 1984, 1985). Unpublished observations showing
that soluble RGD peptides stimulate N-cadherin synthesis
during somitogenesis (Yamada and Lash, personal commu-
FIG. 8. Mitotic cells shown by bromodeoxyuridine (BrdU) label-
ing in antibody-perturbed embryos. Mitotic BrdU-labeled cells are
seen in yellow. Anterior is to the right; segmental plate (SP) is on
left. A shows a control stage 5 embryo incubated in normal rat IgG
and labeled for BrdU; B is a control embryo incubated in the
presence of polyclonal rabbit anti-NCAM; and C is an NCD-2-
treated embryo. Embryos were sectioned sagitally through the
somite and segmental plate regions and proliferating cells were
counted in the last two somites that had formed and in the most
anterior segmental plate region which gives rise to the next
somite. At this period during the one-cell cycle, no significant
difference is apparent in percentage of BrdU-labeled cells relative
to DAPI-stained nuclei counted in these somitic regions (see Table
2). As shown in A–C, all treated embryos show a similar pattern of
cell proliferation. Similarly, in the anterior part of the segmental
plate, no significant difference in patterning or numbers of prolif-
erative cells is detected. Thus, the formation of anomalous
somites does not appear to be due to increased cell proliferation
upon NCD-2 antibody treatment. EC, ectoderm; EN, endoderm
Magnification bar, 50 mm.
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nication) suggest complementary function arising from an
interaction between cell–cell and cell–matrix adhesion.
Such cross-talk between members of the different families
of adhesion molecules has been shown also for neural crest
cells (Monier-Gavalle and Duband, 1997).
It can be argued that a static photograph cannot deter-
mine whether the N-cadherin/b-catenin-expressing clus-
ters are coalescing or actually moving away from each
other. Our interpretation of coalescence is based upon
previous work addressing this issue. Upon injection of
single segmental plate cells with a fluorescent tracer mol-
ecule, cells in the rostral two-thirds of the segmental plate
contribute only to somite tissue and divide about every 10 h
(Stern et al., 1988). It is only in the most caudal portions of
the segmental plate that cells contribute both to somites
and to intermediate and lateral plate mesoderm derivatives.
In our experiments anomalous somites occur in the most
rostral regions.
Anomalous Somites
Our present analyses suggest that the formation of the
anterior somites 1–6 differs in relation to the numbers of
N-cadherin/b-catenin-expressing clusters from that ob-
served in somites posterior to somite 6. As the first six pairs
of somites form, the cells within the small N-cadherin/b-
catenin-expressing foci coalesce to form multiple clusters
of cells that continue to express N-cadherin and b-catenin.
Anteriorly this coalescence of small foci occurs within the
wide region of segmental plate and results in two to four
apparently widely spaced large clusters extending lateral
from the neuraxis in the chick embryo. In contrast, more
caudal somites form from the coalescence of relatively
more closely spaced, smaller foci within a much narrower
segmental plate. It is only within this narrow developmen-
tal window, i.e., before coalescence of N-cadherin/catenin-
expressing cell clusters, that the N-cadherin-perturbing
antibodies have a dramatic effect on somitogenesis, result-
ing in multiple anomalous somites. Based upon our results,
any possible perturbation of adhesion-mediated processes
by temperature shock (e.g., Elsdale et al., 1976; Primmett et
al., 1988) or by other disturbances (e.g., Stern and Bellairs,
1984) at this developmental time point of N-cadherin-
mediated clustering of cells may result in the appearance of
anomalous somites. If the developmental window for pos-
sible perturbation may be as short as 30 min or less (see
Palmeirim et al., 1997), for example, this can explain why
the clusters do not always form and why one cannot obtain
anomalous somites in the anterior regions in all treated
embryos. The greatest percentage of anomalous somites
occurs when embryos are at stage 6. This is a period during
which the adhesion-mediated processes are most likely
taking place in the embryo in the rostral most regions.
As indicated above, the phases of N-cadherin/b-catenin-
mediated events are dynamic and occur in a continuum. As
a consequence, the multiple epithelioid clusters resulting
from modulation of adhesion by antibody treatment, LiCl
treatment, or genetic mutation result in a great deal of
variability in the numbers of anomalous somites that are
obtained, if at all. Adhesion-related events may occur in
approximately three phases as described above: appearance
of individual foci of N-cadherin/b-catenin-expressing cells;
coalescence of small foci into larger clusters of N-cadherin/
b-catenin-expressing cells; and finally the coalescence of
the larger clusters into one central N-cadherin/b-catenin-
expressing region associated with the apical regions of cells.
The number of initial foci that appear and numbers of
clusters that form is variable. The duration of each phase is
not known, but it appears to be short. There also appears to
be a continuous flow from one phase to another. This
pattern is repeated in the somites approximately in a
90-min cycle, as previously reported. This dynamic repeti-
tive sequence occurs during the formation of every somite.
The greater width or lateral distance involved in anterior
segmental plate regions in contrast to narrower posterior
segmental plates apparently affects the numbers of anoma-
lous somites that can form. In addition, each chick embryo
treated with NCD-2-perturbing antibody or LiCl will not be
exactly at the same developmental window, even though
the embryos may look phenotypically the same. Treatment
within the different described phases of clustering within
somitogenesis, distance between clusters and foci, diffusion
gradients of antibody or LiCl, and accessibility to cell
surfaces during clustering all will lead to variability in the
observed results. In the mouse, compensatory pathways or
other cadherins not being able to compensate for all of
N-cadherin’s function(s) can lead to variability in the trans-
genic knockout resulting from a chronic loss of N-cadherin.
The phases of N-cadherin/b-catenin-mediated events are
similar to the dynamic continuum stages of expression
described for the c-hairy1 gene in presomitic mesoderm
(Palmeirim et al., 1997). The rhythmic c-hairy mRNA
expression appears to be an autonomous property of the
paraxial mesoderm and is linked to segmentation and
TABLE 2
Bromodeoxyuridine (BrdU) Labeling with Different Antibody Treatments
Antibody No. BrdU-labeled cells No. DAPI-labeled cells % BrdU/DAPI
NCD-2 117 293 40
N-CAM 85 238 36
IgG 77 187 41
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somitogenesis of the paraxial mesoderm. During segmenta-
tion and somitogenesis hairy is expressed during a 90-min
cycle in three continuous stages, each lasting approxi-
mately 30 min. The adhesion-mediated events described in
this report and the rhythmicity of c-hairy expression may
be linked. LiCl treatment which is reported to mimic Wnt
signaling also resulted in anomalous somite formation.
This supports the possibility of Wnt signal involvement in
the paraxial mesoderm leading to modulation and possible
stabilization of b-catenin in this region.
It is apparent that presomitic cell clusters are more
closely spaced in caudal segmental plate regions. If one
microinjects perturbing antibody directly into the segmen-
tal plate beyond the first six somite pairs, then two small
b-catenin-expressing foci, instead of one, can develop on the
injected side of the neuraxis. Double foci are detected with
LiCl treatment. N-cadherin/catenin-expressing somite-
nucleating centers may help explain experiments when the
segmental plate on one side of the embryo is cut longitudi-
nally into halves, two small longitudinal columns of
FIG. 9. Embryos in which N-cadherin-perturbing antibody was microinjected directly into the segmental plate regions of embryos with
.7 somites and then incubated for a 24-h period. Embryos were immunostained for b-catenin which is seen only weakly in these images.
Sites of injection are shown in A. The site of injection in this embryo is shown with the micropipet tip within the segmental plate just
anterior to Hensen’s node region. This is the most posterior site in which microinjections were done. The most anterior site of injection
is shown with a small arrow pointing to the more anterior segmental plate region. A was taken approximately 0.5 min after injection. The
extent of diffusion during this time is seen by Nile Green localization (which appears darker in this image). The antibody being of much
larger molecular weight than Nile Green most likely does not diffuse as far in 0.5 min. B is a control rat IgG-microinjected embryo.
Somitogenesis appeared normal. (C) This embryo was injected once in the anterior segmental plate on the right side of the neuraxis (N) of
a 10-somite embryo. Arrow points to 2 somites that had formed after the incubation period on injected side of the neuraxis. These multiple
somites did not form at the level of injection, but formed 2 somite lengths posterior to the site of injection. (D) In this embryo several
injections were made bilaterally along the segmental plate region. Anomalous somites (arrows) are apparent in wider looking somites areas
compared to control embryos. As can be seen, a longer area of the segmental plate was affected. N, neuraxis. Magnification bar: A, 200 mm;
B, 100 mm; C and D, 40 mm.
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somites formed which corresponded level for level with the
single column of somites on the uncut control side of the
embryo (Bellairs, 1985). In the latter experiments the
N-cadherin/catenin-nucleating centers may have been
physically separated into two clusters when the segmental
plate was cut longitundinally. In our experiments the
N-cadherin antibody may result in a similar molecular
inhibition of the coalescence of closely spaced b-catenin-
expressing foci, allowing multiple somites to form. The
antibody cannot, however, inhibit the initial foci of
N-cadherin/b-catenin-expressing cells from forming.
The notochord and neural tube are considered sources of
signaling molecules for somitogenesis (Marcelle et al.,
1997; Stern and Hauschka, 1995; Buffinger and Stockdale,
1994). The appearance of multiple somites lateral to the
axis suggests that diffusible signals from the neural tube/
notochord region are not necessary for early somite forma-
tion. Thus, neighboring tissues may be required for the
subcompartmentalization of the somite (see Marcelle et al.,
1997), but perhaps not for the initial formation. Autono-
mous signaling within the paraxial mesoderm resulting in
segmentation has also been suggested by c-hairy expression
(Palmeirim et al., 1997) and also in the formation of
anomalous somites with temperature shock (Primmett et
al., 1988). The role of neuraxial signaling in somitogenesis
may be more downstream to the initial events described
here.
Microinjection of nonimmune IgG indicates that dilution
of diffusible factors probably does not occur since normal
somites do form. The signal(s) initiating the cell clustering
seen in association with b-catenin and N-cadherin appears
to be a local one perhaps emanating from specific cells
within the segmental plate that are sequestered by the
extracellular matrix. Also based on our microinjection
experiments, it would appear that N-cadherin/catenin-
mediated events are in place and already stable within the
segmental plate and extending over the distance of the next
two to three somite pairs that will emerge. Perturbing
antibodies injected into the most rostral area of the segmen-
tal plate have no effect on the immediate two to three
somites to form, but only the subsequent third or fourth to
form. Thus, in analyzing the “state” of differentiation or of
adhesion of segmental plate cells, the exact rostral/caudal
level of the segmental plate being viewed may provide
different results and interpretations.
The initial, sparsely localized pattern of N-cadherin/
catenin expression in the paraxial mesoderm suggests the
existence of cells which may be involved in the initiation of
the adhesion process. b-Catenin expression is an important
component of early somitogenesis, possibly even being
up-regulated before N-cadherin joins the complex. In the
N-cadherin null mouse embryo, increased cytoplasmic
b-catenin expression is observed in many of the cell clus-
ters. b-Catenin expression has been involved with boundary
formation in the chick embryo (Linask et al., 1992, 1997), as
well as segmentation in the Drosophila embryo (Peifer et
al., 1991). We suggest that the initial foci of b-catenin
expression may represent activation by a Wnt-mediated
signaling event. Wnt is the vertebrate homolog of Drosoph-
ila wingless. From our own observations and those reported
(Eisenberg et al., 1997), Wnt-11 message localizes to somite
regions in the chick embryo and may be involved in
somitogenesis. Interestingly, wingless has been reported to
be required for the formation of a subset of muscle founder
cells during Drosophila embryogenesis (Baylies et al., 1995).
What activates Wnt signaling is not understood.
FIG. 10. Anomalous somites formed in LiCl-treated embryos.
Embryos were immunostained for b-catenin after incubation for a
24-h period. (A) Anomalous somites (arrows) that formed in the
first 6 somite regions. The amnion was not removed in this embryo
and is apparent covering part of the anterior somitic region. (B) Two
small clusters of b-catenin-expressing cells in one of the posterior
somitic regions (arrows) of LiCl-treated embryos, similar to our
observations on NCD-2-microinjected embryos in the posterior
part of the embryo and in the segmental plate regions. Magnifica-
tion bar, 100 mm.
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Somitogenesis in N-Cadherin Null Mutant Embryos
Antibody perturbation and genetic manipulation of
N-cadherin result in similar abnormalities. Notably mul-
tiple cell clusters form in regions where normally there is
only one somite. In the chick the anomalous somites form
laterally; in the mouse anomalous somites form dorsoven-
FIG. 11. Wild-type (A) and N-cadherin null (B–E) mouse embryos. The embryos were all immunostained for b-catenin. Variability in the
phenotypes of N-cadherin null mutants within the somite regions is evident. (A) b-Catenin is seen at all cell membranes with a high level of
expression at the core region of the two somites (arrows). Note size and typical organization of mouse somites. (B) Normal somites were not
apparent in this mouse embryo. Multiple clusters of cells (see arrows) were apparent adjacent to the neural tube which also had an abnormal
appearance with diminished b-catenin immunostaining. The more ventral clusters expressed more b-catenin within a central region. The more
dorsal clusters show more cytoplasmic localization than apparent elsewhere. (B and C) Sections through the same embryo. In C the somites are
relatively normal in appearance, although the central core region seen in the control embryo in A is not evident. In D the multiple clusters that
were seen also in this embryo are shown (arrows). (E) In a third mutant embryo, multiple clusters in somite regions were again apparent (arrows).
N, developing neural tube. Magnification bar in A and for B–E, 45 mm.
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trally, relative to the neural tube. That the somitogenic
cluster localization is not identical in the two vertebrates
may reflect differences in the embryonic organization. The
chick embryo is flat at these stages, whereas the mouse
embryo is curved with body folds tightly enclosing the
somite region. Perturbation of N-cadherin adhesion by an
antibody or by genetic manipulation cannot perturb
b-catenin expression within cells in the clusters. This is
apparent in the N-cadherin null mutant, where some cells
continue to express b-catenin cytoplasmically and at cell
membranes, and to show clustering. These small clusters,
however, do not form normal epithelioid somitic struc-
tures. It is likely that another cadherin(s) may be present
(Radice et al., 1997). Based on our own immunohistochemi-
cal observations (unpublished) and those reported by others
(Inuzuka et al., 1991; Murphy-Erdosch et al., 1994),
R-cadherin and B-cadherin are not detectable at the early
stages of somitogenesis reported here. The presence of
cadherin-11 in somites during these stages has been shown
on the mRNA level in the mouse (Kimura et al., 1995).
Thus, cadherin-11 may be able to compensate partially for
N-cadherin during somitogenesis in the null mouse embryo
and in our antibody perturbation experiments in the chick.
That distinct cadherins may play different roles has been
reported (Marrs et al., 1993).
Adhesion-Related Similarities in Cardiac and
Skeletal Myogenesis
Many adhesion-related developmental processes involved
in somitogenesis and myotome formation are similar to those
leading to heart development and the differentiation of the
cardiomyocyte. The adhesion-mediated processes may serve
as a common, evolutionarily conserved link in the myogenic
pathways leading to cardiac and skeletal muscle phenotypes.
Adhesion molecules, such as N-cadherin, are involved in
coordinating the formation of the three-dimensional structure
of somites, as well as in the specification of the skeletal
myogenic cell population. A similar coordination of early
heart cell compartmentalization in vivo and cardiac myogen-
esis by N-cadherin/b-catenin was reported (Linask et al., 1997;
Imanka-Yoshida et al., 1998). It has also been shown that
N-cadherin (A-CAM) is expressed during early somitogenesis
and by myotome cells (Duband et al., 1988; Hatta et al., 1987),
as well as by cardiac precursor cells and cardiomyocytes
(Linask, 1992; Hatta et al., 1987). Both cardiac precursors and
myotome precursors within the somite undergo epithelializa-
tion events before the cells differentiate (Linask et al., 1997;
Linask and Lash, 1986). In addition, both somitogenesis and
heart development, as well as specification of the different
regions of the somite and of the heart, show a definite anterior
to posterior progression of development, along with boundary
development that is associated with N-cadherin/catenin ex-
pression. N-cadherin is expressed at high levels by the myo-
tome cells in the somite and throughout skeletal muscle
differentiation of the cells (George-Weinstein et al., 1997;
Redfield et al., 1997). Both cardiac and skeletal myogenesis
appear to depend upon cell–cell interactions occurring within
a group of cells, called the community effect (Holt et al., 1994;
Gurdon et al., 1992; Gurdon, 1988; Cossu et al., 1995).
Cell–cell interactions such as those mediated by N-cadherin
are coordinated with cell–matrix adhesion and involving mol-
ecules such as fibronectin which have been shown to be
important for both cardiomyogenesis and somitogenesis
(George et al., 1993; Lash et al., 1984, 1987; Linask and Lash,
1986). It is highly likely that cross-talk between cadherin- and
integrin-mediated events is essential for normal development
of both the heart and skeletal muscle.
SUMMARY
In summary, N-cadherin/catenin complex expression and
localization within the segmental plate apparently define
and recruit a population of cells that are incorporated into
one somitic structure. If the N-cadherin-mediated process
of somitogenesis is perturbed before cells can form a central
area of N-cadherin/catenin-expressing cells, then each
cadherin/catenin-expressing cluster of cells by itself can
form a somite. Our microinjection data would suggest that
the adhesion process is stabilized already within the rostral
end of the segmental plate extending across the next 2- to
3-somite-forming regions caudad. The initiator signal for
each somite is not known, but may relate to Wnt signaling
because b-catenin appears to be part of this process and lies
in a Wnt-mediated pathway. Involvement of Wnt signaling
is also suggested by the treatment of embryos with LiCl
which is considered to mimic Wnt signaling. LiCl treat-
ment also results in the formation of anomalous somites.
Within each parasegment the spread or activation of
N-cadherin adhesion among cells between foci and cell
clusters results in the recruitment of cells eventually into a
single compartment. The cells become associated with each
other through cell junctions at their apical–lateral surfaces
and with fibronectin and other extracellular matrix mol-
ecules at their basal surfaces with an apparent cross-talk
between these adhesion systems. Concomitantly, the cells
undergo a cell shape change facilitated by the apical–lateral
expression of N-cadherin and possibly cadherin-11, to form
the recognizable epithelioid somitic structure. Later, as the
somite begins to undergo diversification, further modula-
tion of cadherins occurs, as N-cadherin is down-regulated
by the sclerotome cells and retained by the myotome
population. How the events reported here may be coordi-
nated with the expression of factors as, for example, c-hairy,
paraxis, Pax-1, Pax-3, Pax-7, Myo D, and other regulatory
factors remain to be determined. It is evident from our
results that N-cadherin/b-catenin-mediated adhesion may
be an important facet in the complex series of events that
have been proposed for the initiation and formation of
somites.
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